The leucine zipper proteins are a group of transcriptional regulators that dimerize to form a DNA binding domain. It has been proposed that this dimerization results from the hydrophobic association ofthe a-helices oftwo leucine zipper monomers into a coiled coil. We propose a model for a coiled coil based on a periodic hydrophobic-hydrophilic amino acid motif found in the leucine zipper regions of 11 transcriptional regulatory proteins. (8, 10) and that its primary structure contains the 4,3 leucine-valine hydrophobic repeat characteristic of coiled coils (Fig. lA) .
zipper monomers into a coiled coil. We propose a model for a coiled coil based on a periodic hydrophobic-hydrophilic amino acid motif found in the leucine zipper regions of 11 transcriptional regulatory proteins. This model predicts the symmetrical formation of secondary hydrogen bonds between the polar side chains of one helix and the peptide carbonyls of the opposite chain, supplementing the interactions between hydrophobic side chains. Physical modeling (CPK) and in vacuo molecular mechanics calculations of the stability of the GCN4 leucine zipper coiled coil configured in accordance with this model demonstrate a greater stability for this conformer than for a conformer configured according to a current hydrophobic model. Molecular dynamics simulations show similar stability of the two models in vacuo but a higher stability of the hydrophobic model in water.
Coiled coils, found in a number of proteins, are interesting examples of stable homodimers formed by the association of two, three, or four a-helices (1) (2) (3) . The helices comprising a coiled coil are usually oriented in a parallel manner with corresponding N and C termini (1) (2) (3) . Analysis of the primary structure of coiled coils has identified a repeating seven-amino acid motif. The first and the fifth positions of this heptad are usually occupied by hydrophobic amino acids (the 4,3 rule), so that one side of each helix is predominantly hydrophobic. Because of these observations, it is thought that dimerization between the two helices ofcoiled coils results from hydrophobic side chain-side chain contacts (4, 5) . Although there are examples of coiled coils that do not conform to this model because the potential hydrophobic side of the helix is interrupted by hydrophilic amino acids (6) , a more generalizable model for the formation of coiled coils has not been proposed.
A coiled-coil configuration was recently proposed to explain the formation ofdimers by leucine zipper proteins (7, 8) , a class of DNA transcriptional activators with a distinctive, repetitive leucine heptad (9) . This idea came from observations that a model peptide derived from the structure of the GCN4 regulator forms a stable, symmetrical dimer of parallel a-helices in aqueous solution (8, 10) and that its primary structure contains the 4,3 leucine-valine hydrophobic repeat characteristic of coiled coils (Fig. lA) .
Although this hydrophobic model is consistent with the primary structure of the GCN4 protein, simple inspection of the postulated zipper region of several leucine zipper proteins reveals that the fifth residue of each heptad is hydrophobic in only 5(f4o ofthe cases (Fig. 2) . Puzzled by the presence ofnumerous hydrophilic amino acids in the hydrophobic contact zone predicted by the 4,3 rule, we reanalyzed the amino acid sequences of leucine zipper proteins, searching for alternative motifs. We found that in all cases, with but a single exception, the fourth residue after each leucine of the zipper region is polar (Fig. 2 ). With this motif as a starting point, a second alignment for the leucine zipper region is possible, as shown for the GCN4 protein (Fig. 1B) . This alignment is generated by turning both left and right helical wheels (Fig. LA) and by molecular dynamics simulations in water using AMBER (14, 15) . Simulations in water and in vacuo were considered to be equally important for modeling simplified peptides since the degree of hydration of the interface of the leucine zipper protein dimers is currently unknown.
Molecular Mechanics Calculations. For our initial studies, a simplified 19-residue polyalanyl monomer containing the 1-4 leucine-lysine repeat (ALK-19; Fig. 4 ) and the corresponding homodimer configured in our ideal coiled-coil conformation were used to separately examine the importance of lysinebackbone, lysine-lysine side chain, and possible lysineleucine side chain interactions to the overall stability of the coiled coil. In subsequent steps, monomers with progressively more complex primary structure (ALKV-20 and GCN4-20; Fig. 4 ) and the corresponding dimers configured in alternative orientations (Fig. 1) were analyzed to estimate the difference in their stability. For these calculations, we considered the energy difference between a fully minimized dimer and that of two minimized, isolated monomers as a measure of the energy of dimer stabilization.
The ideal coiled-coil conformation of a-helices (3.5 residues per helical turn, or roughly 7 residues per two turns) was determined empirically by monitoring the 4 and 4i backbone angles of a polyalanyl a-helix within allowed helical tolerances (-40°to -60°) (16) and simultaneously setting the torsion angle [Ca-CT3-Ca'-C9'] of each seventh pair of alanines equal to zero by using the SYBYL 5.3 graphics option, set conformation (i.e., finding the helical conformation when all Ca-Cj) vectors of all the residues within any heptad repeat would be parallel). Of the many possible backbone conformations satisfying this criterion, one (4) = -44.00o, f = -55.27°) was chosen arbitrarily as a starting point for subsequent calculations.
To create a symmetrical model of helix-helix interactions for the homodimer, the distances between Ca atoms of all opposing leucines and all opposing lysines were taken as a measure of the interhelical distance, and the similarity between these distances was considered as an index of the symmetry of the orientation of the helices. Different initial interhelical distances were tested empirically to achieve an optimized geometry for each dimer. The lowest energy minimum (Table 1) was achieved when two helices were initially separated by 5.6 A in the hydrogen-bonded orientation and by 5.4 A in the hydrophobic orientation. (It is important to point out that current techniques for molecular mechanics cannot ensure that the global minimum is found when a structure is optimized.)
A Tripos-implemented AMBER program (14, 15) was used for the energy minimization ofthese model peptides in vacuo. Both the all-atom (14) and the united-atom (15) algorithms for the most simplified peptide (ALK-19; Fig. 4 ) and only the latter one for the other peptides were used. The calculations for protein minimization consisted of 100 steps of a steepestdescent routine followed by a conjugate-gradient routine with a gradient convergence criterion of rms = 0.07 kcalmoh*1A-2 ( IStabilization energy of dimer formation was calculated as Umi,,, (total) of the dimer minus Ui,,, (total) of the monomer times 2. tance = 8.0 A, (it) dielectric function, distance dependent. The helical backbones were initially treated as "aggregates"
(a routine that excludes backbone atoms from optimization) so that for the first calculations only the side chain geometry was minimized. When the energy-change convergence threshold (88U = 0.05 kcal/mol) was achieved, all constraints were removed, and the conformation of the whole dimer was minimized. The energy of the corresponding monomers was minimized by the same routine. Solvent Accessibility. Solvent accessibility ofthe GCN4-20 dimer in different configurations was calculated by using a MACROMODEL 2.0 molecular modeling package (Department of Chemistry Columbia University, New York), a probe radius of 1.4 A, and an algorithm similar to that developed by Lee and Richards (17) . Molecular Dynamics Simulations. In vacuo. Initially, dynamic simulations of the energetically minimized GCN4-20 dimers in both alternative configurations were carried out in vacuo. These calculations consisted of 2 psec of heating (0-300 K) followed by 150 psec of simulations at 300 K.
In water. Further dynamic simulations of the minimized GCN4-20 dimers in water were carried out using AMBER (15 (Fig. 3) is =30 kcal/mol more stable than the lowest energy conformation of the two independent monomers, mainly due to favorable electrostatic interactions (Table 1 ). The structure of the fully minimized hydrogen-bonded ALK-19 dimer is shown in Fig.  5 .
Stability of a coiled coil in a hydrogen-bonded vs. a hydrophobic configuration. From calculations of the energy minimum of our simple polyalanyl leucine-lysine model, we proceeded to apply the same minimization protocol to a second model peptide of 20 Proc. Natl. Acad. Sci. USA 88 (1991) 9491 according to our proposed hydrogen-bonded model than when configured according to the alternative model ( Table 1) .
As a further test of our model, we applied the same minimization protocol to a 20-amino acid portion of the actual GCN4 zipper in each of the alternative orientations (Fig. 1A  vs. Fig. 1B) . To highlight our comparison of the energy minimum of a hydrogen-bonded GCN4 dimer with that of a hydrophobic dimer, valine was substituted for asparagine in the actual GCN4 sequence (cf. GCN4 and GCN4-20; Fig. 4) . (This substitution would actually bias the results of our calculations in favor of the hydrophobic model since the hydrophobic model predicts an enhanced stability of the coiled coil if this position were to be occupied by a hydrophobic residue.) Our calculations indicate that the hydrogenbonded configuration of the GCN4 dimer is thermodynamically favorable and considerably more stable (:13 kcal/mol) than the hydrophobic configuration. Furthermore, from these calculations we conclude that this difference in stabilization energy between the two models is due to more favorable electrostatic interactions and hydrogen bond formation (Table 1) , as anticipated from the CPK models.
Solvent Accessibility. Calculations of the solvent accessibility of the buried lysines of the GCN4-20 dimer indicate that two of the three hydrogens of each E-ammonium group of every lysine side chain are completely buried and involved in the formation of hydrogen bonds. One lysine hydrogen bond is formed with the backbone carbonyl of a leucine of the opposing helix, and a second is formed with the 8-carboxyl of the side chain of the glutamate that is two positions toward the N terminus-i.e., Lys-8-Glu-6 and Lys-15-Glu-13, respectively. The third hydrogen is partially exposed to solvent and is free to form another hydrogen bond with either solvent or a polar group of the same protein. This finding is in keeping with the observation that every potential hydrogen bond of a buried polar group is actually present in the structure of a protein as determined by x-ray crystallography (18) .
The hydrogen-bonded configuration of GCN4-20 (Fig. 1B ) exposes to solvent those hydrophobic residues that occupy positions e and E' in the hydrophobic model (Fig. 1A) . Furthermore, the solvent accessible area ofthe methylenes of the side chains of all lysine, leucine, and valine residues is greater (422.5 A2 vs. 289.9 A2) in the hydrogen-bonded model. Total surface accessible to solvent, however, is nearly identical for each model (2432.1 A2 vs. 2436.1 A2).
Molecular Dynamis. In vacuo. Both the hydrogen-bonded and hydrophobic configurations of the GCN4-20 dimers were stable over the course ofmolecular dynamics simulations in vacuo. For the hydrogen-bonded dimer, the E-ammonium groups ofthree of four lysines remained within 3.0 A of the carbonyls of the corresponding leucines in the opposing helix, indicating the stability of the proposed hydrogen bonds over the course of the simulation (Fig. 6A) . After -60 psec, the fourth interhelical hydrogen bond was broken due to the formation ofan intrahelical hydrogen bond between the e-ammonium of lysine and oxygen of the asparagine side chain. In water. During molecular dynamics simulations in water, the hydrophobic configuration of the GCN4-20 dimer appeared stable. On the other hand, of the four interhelical, secondary hydrogen bonds between the e-ammonium groups of lysines and the carbonyls of leucines in the hydrogenbonded configuration, two were weakened and eventually broken by exposure to water (Fig. 6B) the hydrophobic 4,3 motif proposed earlier (8) . The first residue of the alternative motif is leucine. The fourth residue of this motif is a hydrophilic amino acid (Fig. 2 ). If such a motifis important in the formation ofthe leucine zipper coiled coil, then a mechanism for coiled-coil formation must be proposed that can define a role for hydrophilic amino acids in stabilizing such a dimer. Based on our models, it may be possible for two leucine zipper a-helices to form a coiled coil that is stabilized by hydrogen bonding between the side chains of polar residues and the peptide backbone of the opposing helix.
Molecular mechanics and molecular dynamics calculations in vacuo indicate that a hydrogen-bonded coiled coil would stabilize Biochemistry: Tropsha et al. dimer formation at least as efficiently as the hydrophobic model proposed by O'Shea et al. (8) . Molecular dynamics simulations in water, however, suggest a decreased stability ofthe hydrogenbonded dimerdue to the solvation oftwo ofthe foure-ammonium groups ofthe lysines. The hydrophobic model, on the other hand, appears more stable during dynamics simulations in water. Solvent accessibility calculations also indicate agreaterexposure of hydrophobic residues to solvent in the hydrogen-bonded model. These observations demonstrate that a low-dielectric environment is a necessary prerequisite for stabilin of the model hydrogen-bonded dimer. Although such conditions are unlikely to obtain when modeling the behavior of complex biological proteins with simple oligopeptides in water, the microenvironment ofcoiled-coil proteins within the cell is currently undefined, but it is certainly not adequately modeled by pure water. Thus, the proximity of membranes, phospholipid detergents, amphiphilic gels, and salts will decrease the dielectric constant of the protein microenvironment. Furthermore, other folded domains of the same protein may radically alter the exposure of the coiled-coil interface to water. For example, the C-terminal a-helix of bovine pancreatic trypsin inhibitor is capped by a serine backbone hydrogen bond (N cap) within the native folded protein (19) . This hydrogen bond is stable during free molecular dynamics stimulations of the whole protein in water; it is lost, however, when the isolated helix, shorn of surrounding structure, is dynamically simulated in water (A.T., unpublished observations).
If hydrophilic amino acids are involved in the formation of coiled coils, their presence in the interhelical contact zone would augment any hydrophobic interactions and increase the stability of coiled-coil proteins in two different ways depending on the environment: The first would be to enhance the stability of a coiled coil in a low-dielectric microenvironment such as the interior of a cell or a complex protein by forming an interhelical hydrogen bond. The second might be to enhance the stability of the coiled coil in a high-dielectric microenvironment by the "snorkeling" (20) of the charged end ofthe side chain out of the hydrophobic interface, leaving the hydrophobic portions of the side chain within.
The proposal that secondary, intermolecular hydrogen bonds may contribute to the structure of a coiled coil is buttressed by several experimental observations: (i) (a) The well-known role of secondary hydrogen bonding in DNA triple-helix formation (21) (22) (23) (24) , (b) the recent discovery that secondary hydrogen bonds stabilize bifurcated "propeller" conformations in double-stranded DNA (25) , and (c) the frequent occurrence of secondary hydrogen bonds in the well-refined crystal structures of proteins and small molecules (26); (it) the postulated role of primary hydrogen bonding between polar side chains and the peptide backbone in the formation of N-and C-terminal a-helical caps (27, 28) ; (iii) the calculations of hydrophilic-hydrophobic amino acid frequencies in the a-helical dimer-forming regions of a-fibrous proteins (3); (iv) the observation that lysines (and asparagines) are often found within the hydrophobic interface of the internal coiled coils of myosin (6) .
As detailed above, analysis of the dimer-forming regions of leucine zipper proteins suggests the presence of two possible amino acid motifs, seven residues long, each beginning with leucine. The first is a hydrophobic motif wherein the fifth amino acid of each leucine heptad would be hydrophobic (the 4,3 repeat), implying that the helical dimer is stabilized only by hydrophobic interactions. Such a pattern, however, is found in only 50%o of possible heptads. The second, our alternative motif, predicts that the fourth amino acid of each leucine heptad is polar, a pattern that is found in nearly 90%o of possible heptads and that suggests the formation of interhelical hydrogen bonds. [Parenthetically, interhelical hydrogen bonding is also possible with a polar amino acid in the fifth position ofthe leucine heptad. In the exceptional case of TGA1 (Fig. 2) , the fourth residue after each leucine is hydrophobic and the fifth one is hydrophilic, the inverse of the same motif.] It is not possible at this time to be certain which of these two mechanisms is the more likely, but it is certain that no matter what orientation is assumed by leucine zipper coiled coils as they dimerize, the high frequency of hydrophilic amino acids within the dimer-forming regions argues for a fundamental role for polar residues in the formation of the leucine zipper coiled-coil interface.
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